Metal oxides are ubiquitous in our daily lives because they are robust and possess versatile electrochemical properties. Despite their popularity, these materials present limitations with respect to effective large-scale implementation. Recently, there has been growing interest in creating hybrid metal oxides to tailor the morphology and properties of these materials. From this perspective, we highlight several recent developments in cross-linked hybrid metal oxides, focusing on chemical cross-linking techniques to enrich their properties. We discuss future directions of this crosslinking approach that could enable further manipulation of these materials.
Earth-abundant metal oxides are materials whose versatile properties allow them to be utilized in applications ranging from energy storage to catalysis. 1, 2 Despite decades of research surrounding this class of materials, new syntheses and applications are still emerging, including novel hybrid metal oxide materials. Through nanostructuring, 3 fabricating composite materials, 4 or introducing new surface modifications, 5 a tremendous amount of work has been done on expanding the functionality of metal oxides. In the past year alone, 1055 scientific articles related to hybrid metal oxides were published. 6 Hybrid metal oxides present several notable advantages over their parent materials, one of which is the breadth of new processing options that emerge for these materials. In particular, in the case of hybrid polymer-metal oxide materials, the flexibility of the polymer is imparted to the system, which allows for facile processing into macrostructures. 7 Furthermore, the construction of hybrid metal oxides can be manipulated to fashion unique architectures on the nanoscale. Various metal oxide hybrids have been tailored with novel 2D and 3D morphologies that demonstrate superior properties (e.g., electrochemical activity) to their bulk counterparts. 1, 8 However, there is still room for improvement to address critical issues, such as low electrical conductivity, poor ion transport, and lack of homogeneity, before metal oxides can be implemented on a large scale. In this perspective article, we discuss recent scientific advances in the area of hybrid metal oxides that address these limitations.
Porosity plays a vital role in enhancing the electrochemical properties of materials; this was recently illustrated by Feng ions produces a hierarchical porous MnO/C hybrid that comprises ultrasmall MnO nanoparticles in a porous carbon matrix. 10 This extensively cross-linked MnO/C hybrid showed outstanding capacity and cycling performance as an electrode material for lithium-ion batteries. A similar study by Wang et al. highlighted the excellent electrochemical properties of cross-linked nanoporous Co 3 O 4 /C hybrids. 11 Indeed, one would expect crosslinked hybrid metal oxides to exhibit a high degree of porosity due to the interconnected networks that are formed within the material. These networks enable effective charge transport by facilitating the smooth diffusion and penetration of ions ( Fig. 1 ). It should be noted that the covalent cross-linking of inorganic-organic materials with metal oxides is superior in this regard to the physical blending of constituent materials, as in composites. For instance, Yilmaz et al. prepared highly porous V 2 O 5 /graphene aerogels with thiourea as a covalent cross-linker and observed a homogenous elemental distribution in contrast to a V 2 O 5 /graphene aerogel that was synthesized without the cross-linker. 12 The covalently cross-linked V 2 O 5 /graphene aerogel displayed an enriched electrochemical performance with a high specific capacitance of 484.0 F/g at 0.6 A/g; the noncrosslinked analog showed a specific capacitance of approximately half of that value at the same current density. 12 In addition to producing a homogenous composition, covalent cross-linking offers a synergy of the constituent materials and cross-linking agent. In fact, the incorporation of sulfur in the cross-linked V 2 O 5 /graphene aerogels contributed to their excellent electrochemical performance. 12 Moreover, the strong chemical bonding between the individual material components (Fig. 2) reinforced the robustness and chemical stability, as opposed to physically cross-linked materials that can lose structural integrity after several electrochemical cycles. 13, 14 In particular, in metal oxide hybrids consisting of organic-inorganic constituents, cross-linkers ensure more efficient ion transport at the material interface, improving their electrochemical properties. 8 The choice of cross-linking agent is crucial because it provides routes to generate previously unattainable functionalization for an existing metal oxide system. Several properties, such as charge separation, recombination, and transport, can be assisted by the cross-linker. For example, Chen et al. synthesized hybrid materials containing CdSe nanocrystals and TiO 2 nanoparticles using mercaptopropionic acid as a bifunctional crosslinking agent. 15 The resulting CdSe/TiO 2 heterostructure (Fig. 3a) displayed an enhanced photocatalytic hydrogen generation, which was attributed to the efficient charge separation and faster electron transfer between CdSe and TiO 2 in the cross-linked structure. 15 Titanium dioxide, one of the most recognizable metal oxides, has remained a focus of much investigation. Recently, Jung et al. reported a bottom-up approach to manipulate metal oxides through "molecular cross-linking", whereby 3D molecular boron clusters were incorporated in a TiO 2 network (Fig. 3b) . 16 The product featured a unique structure composed of boron-rich clusters covalently cross-linked to TiO 2 nanocrystals (Fig. 4) . This cross-linking method not only created a porous structure as predicted but also unexpectedly introduced an enhanced conductivity to the hybrid material. Furthermore, this new material exhibited dramatically altered light absorption properties and electrochemical behavior that was superior to pristine TiO 2 merely via the introduction of the molecular boron cross-linker. 16 The work by Jung et al. posed an important question: can the introduction of a cross-linking agent do more than just enrich the existing properties of a metal oxide? In this particular case, it was speculated that the molecular cross-linking enabled a wide range of charge transfer excitations between boron clusters in different valence states and between the clusters and the boron/titanium oxides. While the generality of this phenomenon remains to be seen, this work suggests that cross-linking can be utilized to introduce new properties to a material through appropriate choice of cross-linker.
The advantages and properties of cross-linked metal oxide hybrids from recent advances are summarized in Table 1 . Future prospects of hybrid metal oxides entail the meticulous manipulation of these materials; the covalent 17 can encourage a multifunctional approach towards tuning the properties of a material. This endeavor would combine practical implications along with a fundamental approach of probing these materials at the molecular level to control material properties, such as solubility and redox potential, or even impart new dimensions by employing innovative cross-linkers, such as metal complexes to generate favorable magnetic, plasmonic, or catalytic behavior. [17] [18] [19] [20] This information can guide researchers to make predictable modifications of metal oxides using well-defined cross-linkers to continually improve metal oxides. Predicting how factors influence the properties of hybrid metal oxides is paramount for shaping their tunability, especially in evaluating different metal oxides for exclusive applications.
